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 i 
GENERAL ABSTRACT 
 
The goal of this dissertation was to investigate the adaptability of the leg spring 
during hopping and running in humans.  For this purpose, I conducted three 
experiments.  In Chapter 2, neural control of leg spring stiffness during hopping was 
examined.  Especially, a functional role of antagonistic muscle activity for stiffness 
regulation was investigated with EMG recordings from triceps surae and tibialis 
anterios.  It was demonstrated that central nervous outflow inhibits TA activity to 
increase the force response of the SOL muscles to stretch by reciprocal inhibition with 
the changes in leg spring stiffness.  In Chapter 3, the adaptations in leg spring 
stiffness due to the type of training were investigated.  The stiffness regulation was 
compared between endurance-trained and power-trained athletes during hopping.  The 
results showed that the leg spring stiffness has been affected by the type of training.  
Finally, in Chapter 4, leg spring stiffness and its regulation in field condition was 
examined during 400-m sprint.  The results showed that leg spring stiffness correlated 
to both the forward running velocity and stride frequency, indicating that a higher 
stiffness leads the faster stride frequency which results in the faster forward running 
velocity during 400-m sprint.  Thus, the results of this dissertation suggest that (1) 
plyometric training including jumping and/or sprinting would make human’s leg spring 
stiffness stiff and (2) leg spring stiffness could determine athletic performance not only 
in treadmill running (laboratory levels) but also in field running (field conditions).  
 
 
 
 ii 
ACKNOWLEDGEMENTS 
 
I sincerely thank Dr. Kazuyuki Kanosue for his support and leadership throughout my 
research endeavors; moreover, I truly recognize the value of his honest, straightforward, 
and thoughtful advice.  Without his assistance, this dissertation would not have been 
possible.  My life has been genuinely influenced by Dr. Kanosue’s expectation and 
confidence. 
  I also extend gratitude to other committee members, Drs. Tetsuo Fukunaga, Shuji 
Suzuki and Yasuo Kawakami.  Their dedication, knowledge and thoughtful comment 
definitely helped in elaboration of this dissertation.  My appreciation extends to each 
member of KANOSUE LAB. and SUZUKI LAB., Graduate School of Human Sciences, 
Waseda University for his/her good wishes.  I am especially grateful to Drs. Tetsuro 
Muraoka, Tamae Yoda, Masanori Sakamoto, Yasuyuki Yoshida, Larry Crawshaw for 
their guidance, assistance and encouragement throughout my doctor’ work. 
  I collectively show appreciation for my family, friends, and colleagues.  
Unconditionally, they have provided me with encouragement, support, and interest in 
my graduate studies and research activities. 
  One of my dear friends, Da-Hyun Lee, has done more for me than any person could 
desire.  On several occasions, she has taken a leap of faith with me; more importantly, 
she has always been besides me.  I honestly hope that I can provide her as she has 
given to me. 
 
 
 
 iii 
TABLE OF CONTENTS 
 
General Abstract -------------------------------------------------------------------------------- ⅰ 
Acknowledgements ----------------------------------------------------------------------------- ⅱ 
Table of Contents ------------------------------------------------------------------------------- ⅲ 
List of Tables ------------------------------------------------------------------------------------ ⅴ 
List of Figures ----------------------------------------------------------------------------------- ⅵ 
Original Papers ---------------------------------------------------------------------------------- ⅷ 
 
Chapter 1: 
  Introduction ------------------------------------------------------------------------------------- 1 
    1-1. Bouncing gait -------------------------------------------------------------------------- 2 
1-2. Spring-mass model and spring stiffness -------------------------------------------- 4 
1-3. Torsional spring model and joint stiffness ---------------------------------------- 10 
1-4. Purpose of the thesis ----------------------------------------------------------------- 13 
1-5. Outline of the thesis ------------------------------------------------------------------ 13 
 
Chapter 2: 
  Changes in Muscle Activity with Increase in Leg Stiffness during Hopping --------- 15 
    2-1. Introduction---------------------------------------------------------------------------- 16 
2-2. Methods-------------------------------------------------------------------------------- 18 
2-3. Results---------------------------------------------------------------------------------- 21 
2-4. Discussion----------------------------------------------------------------------------- 25 
2-5. Conclusion----------------------------------------------------------------------------- 28 
 
Chapter 3: 
  Determinants of Difference in Leg Stiffness between Endurance- and 
 Power-trained Athletes ----------------------------------------------------------------------- 29 
    3-1. Introduction---------------------------------------------------------------------------- 30 
3-2. Methods-------------------------------------------------------------------------------- 31 
3-3. Results---------------------------------------------------------------------------------- 36 
3-4. Discussion----------------------------------------------------------------------------- 45 
3-5. Conclusion----------------------------------------------------------------------------- 49 
 
 
 iv 
Chapter 4: 
  Continuous Change in Spring-mass Characteristics during 400-m Sprint ----------- 50 
    4-1. Introduction---------------------------------------------------------------------------- 51 
4-2. Methods-------------------------------------------------------------------------------- 52 
4-3. Results---------------------------------------------------------------------------------- 57 
4-4. Discussion----------------------------------------------------------------------------- 60 
4-5. Conclusion----------------------------------------------------------------------------- 63 
 
Chapter 5: 
  Limitation and Future Direction ------------------------------------------------------------ 65 
 
Chapter 6: 
  Summary and Conclusion ------------------------------------------------------------------- 69 
 
Appendix 
 A. Estimation of Leg Stiffness during Hopping ------------------------------------- 74 
B. Estimation of Vertical Stiffness during Running -------------------------------------- 78 
C. Calculation of Joint Moment by Inverse Dynamics ---------------------------------- 81 
 
Bibliography -------------------------------------------------------------------------------------- 84 
 
Curriculum Vitae --------------------------------------------------------------------------------- 98 
 
 
 
 
 
 
 
 
 
 
 
 
 
 v 
LIST OF TABLES 
 
 
Table 3-1. Comparison of temporal, kinetic and kinematic characteristics 
between the groups ----------------------------------------------------------------- 40 
 
Table 4-1. Spring-mass characteristics for all subjects in every 50 m interval --------- 60 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vi 
LIST OF FIGURES 
 
Figure 1-1. Vertical ground reaction force and center of mass displacement 
          during hopping at 2.2 Hz ---------------------------------------------------------- 2 
 
Figure 1-2. Spring-mass model for hopping and running ----------------------------------- 5 
 
Figure 1-3. Typical examples of force-COM displacement in 2.2 Hz hopping ---------- 6 
 
Figure 1-4. Torsional spring model ----------------------------------------------------------- 11 
 
Figure 1-5. Moment-angular displacement curves of the ankle, knee and hip 
in 2.2 Hz hopping ----------------------------------------------------------------- 12 
 
Figure 2-1. Comparison of dependent variables for both hopping conditions ---------- 22 
 
Figure 2-2. Average traces of ankle angles and rectified EMG signals ------------------ 23 
 
Figure 2-3. IEMG activities averaged every 20 ms ---------------------------------------- 24 
 
Figure 3-1. Typical examples of force-COM displacement and moment- 
angular displacement curves in both hopping conditions ------------------- 38 
 
Figure 3-2. Comparison of leg stiffness for the two frequencies ------------------------- 39 
 
Figure 3-3. Comparison of the joint stiffness between the two groups 
at both hopping frequencies ----------------------------------------------------- 39 
 
Figure 3-4. Examples of rectified and low-pass filtered EMG --------------------------- 42 
 
Figure 3-5. Mean EMG at both hopping frequencies -------------------------------------- 43 
 
Figure 3-6. Leg extensor EMGs normalized utilizing the MVC ------------------------- 44 
 
 
 vii 
Figure 4-1. Spring-mass model in running and output waveform of  
the accelerometer during running ----------------------------------------------- 56 
 
Figure 4-2. Changes in Kvert, Kleg, Vforward, fstride and Lstride  
          as a function of distance --------------------------------------------------------- 58 
 
Figure 4-3. Relationships between the Vforwad and fstride, Lstride and  
leg spring stiffness during an entire running distance ----------------------- 59 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 viii 
 
ORIGINAL PAPERS 
 
This dissertation is based on the following papers. 
 
1. Hobara, H., Kanosue, K., Suzuki, S. 2007. Changes in muscle activity with increase 
in leg stiffness during hopping. Neuroscience Letters 418, 55-59. 
 
2. Hobara, H., Kimura, K., Omuro, K., Gomi, K., Muraoka, T., Iso, S., Kanosue, K. 
Determinants of difference in leg stiffness between endurance- and power-trained 
athletes. Journal of Biomechanics, in press (doi: 10.1016/j.jbiomech.2007.10.014). 
 
3. Hobara, H., Inoue, K., Gomi, K., Sakamoto, M., Muraoka, T., Iso, S., Kanosue, K. 
Continuous change in spring-mass characteristics during 400-m sprint. 
   In submission. 
 
 1 
INTRODUCTION 
 
 
 
 
 
 
 
Hopping and running are typical fast saltatorial movements, characterized by a series of 
alternating aerial and contact phases.  Acquisition of higher hopping height and faster running 
speed are essential components in sports activity.  In addition, orthopaedic disorders 
frequently occur in these movements.  Thus, understanding of hopping and running would 
provide us with important information that can be utilized not only in sport but also in 
rehabilitation. 
In such movements, the legs exhibit characteristics like a spring.  The legs compress during 
the first half of the stance phase and extend during the second half.  As for the joint levels, 
each joint in lower extremity flexes and extends during the two phases, respectively.  This 
kinematical characteristic is advantageous to utilize the elastic energy in legs.  For 
biomechanical analysis of spring-like leg behavior two behavioral models are mainly utilized, 
the spring-mass model and the torsional spring model. 
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1.1 Bouncing gait 
Hopping and running are the saltatorial locomotion used by a number of species 
including humans.  This kind of movements is characterized by a series of alternating 
aerial and contact phases where either foot contacts with ground.  The vertical ground 
reaction force (GRF) increases to a peak at the middle of the stance phase, and it 
decreases till the take-off (Fig. 1-1).  During such movements, the center of mass 
(COM) moves like a bouncing ball (Fig. 1-1) changing with time in a sinusoidal 
fashion.  Therefore, hopping and running are often referred to as a “bouncing gait” 
(Cavagna et al., 1964; Farley and Ferris, 1998). 
 
 
 
 
 
 
 
 
 
 
Figure 1-1.  Vertical ground reaction force (GRF) and center of 
mass (COM) displacement during hopping at 2.2 Hz. Thick and thin 
arrows represent the timing of foot contact and take-off, respectively. 
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 3 
Bouncing gait is more efficient in energetic consumption than other types of gait 
(Cavagna et al., 1964).  Its efficiency is accomplished by the kinematical 
characteristics that the leg is compressed during the first half of the stance phase and 
released during the second half.  This process is quite advantageous for storing and 
releasing elastic energy in elastic components of musculotendinous tissues during the 
ground contact phase (Alexander, 1988 and 2002; Blickhan and Full, 1989; Farley and 
Ferris, 1998; Farley et al., 1993; Lindstedt et al., 2002). 
Until the late 1980s, bouncing gaits have been studied from the perspective of 
terrestrial locomotion in vertebrates including humans (Alexander, 1988; Cavagna et 
al., 1964; Cavagna, 1970; Cavagna et al., 1988; Dawson and Taylor, 1973; McMahon, 
1987; Perry et al., 1988).  These investigations have revealed striking similarities in 
the general energetics and mechanics of legged animals during locomotion.   Since 
the early 1990s, bouncing gait has been studied in the field of sport or human 
movement sciences.  Undoubtedly, acquisition of higher hopping height and faster 
running speed is essential ability for sport and recreation.  A great number of 
researches have investigated how human can achieve such movements during 
bouncing gaits (e.g., jumping height and running fast).  More recently, more attention 
has been paid to biomechanical analysis of bouncing gaits for injury prevention in 
lower extremity.  In fact, orthopaedic disorders frequently occur during bouncing 
 4 
gaits.  Biomechanical study of bouncing gaits provides us with important information 
about locomotion mechanisms in human.  At present, two behavioral models have 
been developed as the conceptual basis for our understanding and technical realization 
of bouncing gaits.   
 
1.2 Spring-mass model and spring stiffness 
The musculoskeletal system of the leg during bouncing gaits is frequently modeled 
with a spring-mass model (Fig. 1-2).  This model consists of a body mass and linear 
spring (leg spring) supporting the body mass (Arampatzis et al., 1999; Blickhan, 1989; 
Bullimore and Burn, 2007; Butler et al., 2003; Dickinson et al., 2000; Farley et al., 
1991, 1993; Full and Koditschek, 1999).  The leg spring is compressed during the 
first half of the stance phase and rebounds during the second half, storing and then 
releasing elastic energy during these two phases (Farley and Ferris, 1998; Farley et al., 
1993; Full and Koditschek, 1999; Lindstedt et al., 2002). 
In the spring-mass model the overall mechanical characteristic of the leg spring is 
expressed by a spring stiffness (leg stiffness; Kleg).  Because the peaks of ground 
reaction force and leg compression coincide in the middle of the ground contact phase 
(Fig. 1-1and 1-3), vertical component of the stiffness (Kvert)1; can be calculated from  
 
1The Kvert is same as Kleg in the case of vertical hopping (with no forward motion); otherwise 
different. 
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force plate data as (Farley and Morgenroth, 1999): 
 
Kvert =  Fpeak ／Δ L  (N･m-1)                    (1.1) 
 
where Fpeak is the peak vertical ground reaction force, and Δ L is the maximum vertical 
center of mass (COM) displacement during ground contact, which is obtained by 
integrating the vertical acceleration twice with respect to time.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Foot strike Toe-off
Midstance
Foot strike Toe-off
Midstance
Hopping Running
Figure 1-2.  Spring-mass model for hopping (left) and running 
(right). Model is shown at the beginning (foot strike), middle 
(midstance), and the end of stance phase (toe-off). 
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Kvert during hopping and running can also be indirectly calculated by estimation 
from other parameters.  According to the Dalleau et al. (2004), Kvert during hopping 
was defined as the rate of compression of the leg spring at a given force, and calculated 
as: 
 
           Kvert = [m･π (tf + tc)] /{ tc2 [(tf + tc) / π - tc / 4]}              (1.2) 
 
where m was the total body mass, tc the ground contact time and tf the flight time (See 
Appendix A for detail).  
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Figure 1-3.  Typical examples of 
force-COM displacement in 2.2 Hz 
hopping.  The slopes (dotted lines) of 
these curves represent vertical stiffness.
 7 
Likewise, Morin et al. (2005) developed an estimation equation for Kvert during 
running.  This method is also based on the model used by Dalleau et al. (2004) for 
hopping, which considers the force as a function of time during contact to be a simple 
sine function.  The Kvert during running is defined as the ratio of the estimated peak 
force (Fmax) and the estimated vertical center of mass displacement (Δ yc): 
 
     Kvert = Fmax ･ Δ yc-1                       (1.3) 
 
                     with Fmax = m g π / 2 (tf / tc + 1)                     (1.4) 
 
and Δ yc = Fmax tc2 / m π2 + g tc2 / 8                  (1.5) 
 
where g is the gravitational acceleration (See Appendix B for detail). 
  A number of studies have examined the relationship between the Kvert and 
performances of hopping and running.  For example, the Kvert increased with increase 
in hopping or jumping height (Farley et al., 1991; Farley and Morgenroth, 1999; 
Arampatzis et al., 2001; Kuitunen et al., 2007).  Further, the Kvert increased with 
hopping frequency when subjects hopped in place (Farley et al., 1991; Granata et al., 
2002; Rapoport et al., 2003).  As for running and sprinting, several studies suggested 
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that the Kvert increases as running or sprint velocity increases (Arampatzis et al., 1999; 
Kuitunen et al., 2002; Morin et al, 2005; Morin et al., 2006; Murphy et al., 2003; 
Seyfarth et al., 2002).  Both Chelly and Denis (2001) and Bret et al. (2002) showed 
linear relationship between the Kvert during hopping and maximal sprint velocity.  The 
Kvert also appears to be related to stride frequency during running.  At a given running 
velocity, a higher stride frequency is associated with higher Kvert (Farley and Gonzalez, 
1996; Derrick et al., 2000; Morin et al., 2007).  In addition, the Kvert decreases with 
fatigue (Dutto and Smith, 2002; Girard et al., 2006; Kuitunen et al., 2007; Morin et al., 
2006) and has an inverse relationship with running economy measured from oxygen 
consumption (Dalleau et al., 1998; Heise and Martin, 1998; McMahon et al., 1987).  
Thus, evaluating the Kvert is quite important for understanding the spring-like leg 
behavior in relation to running performance. 
Kvert also relates to injury.  Williams et al., (2001a, b) and Williams et al. (2004) 
investigated the differences in lower extremity stiffness during running between 
high-arched and low-arched runners.  Both studies demonstrated that high-arched 
runners exhibit increased Kvert compared to low-arched runners, suggesting that high 
stiffness can cause bony injuries while low stiffness levels are associated with soft 
tissue injuries.  Granata et al. (2002) showed that healthy women demonstrate lower 
Kvert during hopping compared to age-matched men.  They also suggested that a 
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greater risk for musculoskeletal injuries including knee sprains and anterior cruciate 
ligament injury in female would be related to the regulation of leg spring stiffness.  In 
addition, the high risk of anterior cruciate ligament injury in female athletes related to 
regulation of leg spring stiffness (Bryant et al., 2007; Padua et al., 2005, Padua et al., 
2006).  Recently, Eiling et al. (2007) demonstrated that menstrual-cycle hormone 
measured by oestrogen levels varies musculotendinous stiffness, resulting fluctuation 
of knee joint laxity in female movement.  Milner et al. (2006, 2007) showed that 
runners with a history of tibial stress fractures, a serious overuse injury, had higher 
stiffness than control subjects during running.  Similarly, Hamill et al. (2007) 
suggested that runners with lower back pain have a higher knee joint stiffness 
compared to healthy groups.  In recent years, several studies evaluate the leg spring 
stiffness to develop the athletic footwear for injury prevention (Bishop et al., 2006; 
Butler et al., 2006; Divert et al., 2005).  
Taken together, leg spring stiffness has been shown to play an important role in both 
performance enhancement and injury prevention.  Despite of its simplicity, Kvert 
calculated from spring-mass model describes and predicts the dynamics of saltatorial 
movement remarkably well.  However, it has limitations especially in that we can not 
gain the information about joint dynamics.  For this purpose we need a more detailed 
model. 
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1.3 Torsional spring model and joint stiffness 
When questions are focused at the joint level, the lower extremity is usually 
modeled with decomposed model called torsional spring model (Fig. 1-4: Farley et al., 
1998; Farley and Morgenroth, 1999).  This model consists of four rigid segments 
(foot, shank, thigh and head-arm-trunk), which is interconnected with the joint 
torsional spring.  In the torsional spring model, the mechanical characteristics of a 
joint spring are expressed by a joint stiffness. 
Joint stiffness can be calculated with variables determined by kinetic and kinematics 
measurement.  Joints of the lower extremity flex in the period from the instance of 
touch down to the middle of the ground contact phase (Fig. 1-5).  Therefore, joint 
stiffness (Kjoint) is calculated as (Farley and Morgenroth, 1999): 
 
Kjoint =  Δ Mjoint ／Δ θ joint  (Nm･rad-1)              (1.6) 
 
where Δ Mjoint is the change in joint moment, and Δ θjoint is the joint angular 
displacement during ground contact phase for each joint.  The net joint moment is 
determined by inverse dynamics analysis (see Eq. (C4, C8 and C12) in Appendix C for 
detail) using anthropomorphic data (Dempster, 1955; Winter, 1990).  For both the 
inverse dynamics analysis and joint angular displacement calculation, image data from 
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a high speed video camera is necessary.  Generally, six retroreflective markers (the tip 
of the first toe, the fifth metatarsophalangeal joint, the lateral malleolus, the lateral 
epicondyle of the femur, the greater trochanter, and the acromion scapulae) are placed 
on the subjects, and each of them needs to be digitized by movement-analysis 
software.  
The torsional spring model has been used to investigate how humans control Kvert at 
joint levels during movement.  For example, the Kvert during hopping and jumping 
depends on ankle stiffness (Arampatzis e al., 2001; Farley et al., 1998; Farley and 
Morgenroth, 1999).  On the other hands, the Kvert during running and sprinting 
depends on knee stiffness (Arampatzis et al., 1999; Gunther and Blickhan, 2002; 
Kuitunen et al., 2002). 
 
 
 
 
 
 
 
 
Foot strike Toe-off
Midstance
Figure 1- 4. Torsional spring model.  Four 
rigid segments (foot, shank, thigh and 
head-arm-trunk) are interconnected with 
the torsional joint springs of the hip, knee 
and ankle. 
 12 
Two mechanisms mainly contribute joint stiffness regulation.  First, the changes in 
firing frequency of the active motor unit (Farley et al., 1998) or recruitment of different 
motor units (Farley et al., 1998) is considered as a possible way to regulate joint 
stiffness during hopping and running.  However, it must be noted that there is still 
unclear point about the neural control of joint stiffness.  Second, the touchdown joint 
angle is considered as a possible factor in adjusting joint stiffness during hopping and 
running, because it changes the distance of moment arm of the ground reaction force at 
each joint (Farley et al., 1998; McMahon et al., 1987). 
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 1.4 Purpose of the thesis 
Although the spring-like leg behavior in human movements has been widely studied, 
many questions still remain unresolved.  I had interest especially in the “adaptability” 
of the leg spring during saltatorial movements in humans to provide information for 
improvement of performance in sport activity.  I set up three topics in this thesis.  
The first is the neural control of leg stiffness during hopping, because adaptability of 
leg spring is largely dependent on the neural strategy.  So far, it is not well understood 
how central nervous system regulates the leg stiffness.  The second topic I focused on 
is how training history influences the leg stiffness.  Although it has been 
demonstrated that power-trained athletes show higher leg stiffness than 
endurance-trained athletes during jumping, its mechanisms is not well understood.  
The third topic is how humans regulate the leg stiffness in field running.  Despite a 
considerable amount of research on stiffness regulation during running, there were few 
studies reporting stiffness regulation in real field condition.  
 
1.5 Outline of the thesis  
This study dealt with the stiffness regulation from laboratory levels to field 
conditions.  Three experiments were conducted.  In Chapter 2, neural control of Kleg 
during hopping was investigated.  Especially, a functional role of antagonistic muscle 
 14 
activity for stiffness regulation was investigated with EMG recordings from triceps 
surae and tibialis anterios.  Chapter 3 dealt with mechanisms for the adaptation in 
Kleg depending on the type of training.  Lower extremity stiffness was compared 
between distance runners and power-trained athletes during hopping.  Chapter 4 
focused on the spring-like leg behavior during 400-m sprint, which is the most delicate 
distance to run in that it requires endurance of power to the limit.  In Chapter 5, 
some limitations on these studies and future direction in the field of sports 
biomechanics were provided.  On the basis of the findings from Chapter 2, 3 and 4, 
summary and conclusion is given in Chapter 6. 
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Changes in Muscle Activity with Increase in Leg 
Stiffness during Hopping 
 
 
While the spring-like leg behavior of legs in mammalian locomotion has been well 
documented, its neural basis remains ambiguous.  The purpose of this chapter was to examine 
leg stiffness control during hopping.  Seven male subjects performed in place two-legged 
hopping at their preferred frequency with two different contact times of the stance phase, 
preferred and short ones (PCT and SCT, respectively).  Based on a spring-mass model, leg 
stiffness was calculated from the subjects’ body mass, ground contact and flight times.  
Surface electromyographic (EMG) activities of the medial gastrocnemius (MG), soleus (SOL) 
and tibialis anterior (TA) muscles were recorded.  Leg stiffness was higher in the SCT 
condition than in the PCT condition.  The SCT condition was characterized by high EMG 
activity of MG and SOL at both pre- and post-landing phases, which peaked at about 50 ms.  
On the other hand, the activity of TA was low throughout the contact phase as compared with 
those of MG and SOL, and its peak value around 50 ms after landing was significantly lower 
for the SCT condition than for the PCT condition.  I conclude that 1) the leg stiffness is 
regulated by a change in centrally programmed muscle preactivation and probably also by a 
concomitant change in the short-latency stretch reflex response of the triceps surae muscles, 
and 2) the co-contraction of antagonistic TA does not play a major role in leg stiffness control. 
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2.1 Introduction 
Spring-like behavior is a general feature of a “bouncing gait”, such as running, 
hopping or jumping.  To describe this type of gait, the whole body is often modeled 
with a “spring-mass model” which consists of a body mass supported by a spring 
(Blickhan, 1989; Dickinson et al., 2000; Farley et al., 1993; Full and Koditschek, 
1999).  Stiffness of the leg spring (“leg stiffness”) changes depending on the demand.  
For instance, leg spring becomes higher with an increase in hopping height (Farley et 
al., 1991; Farley and Morgenroth, 1999) or frequency (Farley et al., 1991; Granata et 
al., 2002; Rapoport et al., 2003).  These findings suggest that humans and animals 
have a system of leg stiffness control, but its neural basis remains ambiguous.  The 
purpose of this chapter is to examine control of leg stiffness utilizing “hopping”, 
because it is the simplest type of bouncing gait.   
It has been well-documented that the change in leg stiffness during hopping is 
primarily correlated with changes in ankle joint stiffness (Arampatzis et al., 2001; 
Farley and Morgenroth, 1999; Farley et al., 1998; Kuitunen et al., 2007).  Previous 
studies have focused on activity of triceps surae muscles.  Melvill-Jones and Watt 
(1971) showed that during hopping activity in the medial gastrocnemius was initiated 
approximately 100 ms before landing.  Thus, the modulation of triceps surae 
preactivation could be one of the strategies utilized to control ankle stiffness.  
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Furthermore, Komi and Golhofer (1997) suggested that the short-latency stretch reflex 
evoked by ankle dorsiflexion at landing is a prerequisite for the maintenance of ankle 
stiffness.  The stretch reflex, therefore, could also be a crucial factor in ankle stiffness 
control during hopping (Voigt et al., 1998a; Voigt et al., 1998b). 
On the other hand, little is known about the role of the antagonistic muscle of the 
triceps surae, the tibialis anterior, in the control of ankle joint stiffness.  Hortobagyi 
and DeVita (2000) reported that the much of the variance in leg stiffness during 
downward stepping is associated with changes in co-contraction of ankle joint 
antagonists.  Interestingly, the total joint stiffness produced by co-contraction of 
antagonistic muscles becomes larger than the summation of joint stiffness produced by 
the activation of each muscle, due to reflexes from one of the muscles onto the other 
(Carter et al., 1993).  From the observation of ballistic arm movements, Hasan (1986) 
suggested that modulation of co-contraction level would be an economical strategy to 
change joint stiffness; co-contraction of antagonistic ankle muscles may also contribute 
to the leg stiffness control during hopping.   
In the present study I hypothesize that leg stiffness modulation during hopping is 
mainly adjusted by a change in co-contraction of ankle joint antagonists.  I compare 
electromyographic (EMG) activity of the triceps surae and tibialis anterior muscles in 
two different conditions of ground contact time in which the leg stiffness should 
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change without a change in hopping frequency (Arampatzis et al., 2001).   
 
2.2 Methods 
Seven male subjects with no neuromuscular disorders or functional limitations in 
their legs participated in the study.  Their physical characteristics were: age 23.7 ± 1.3 
years, height 170.7 ± 4.7 cm, and body weight 67.0 ± 0.9 kg (mean ± SD).  Informed 
consent approved by the Human Ethics Committee, Waseda University, was obtained 
from all subjects before the experiment. 
The task consisted of ten-successive hops in place.  The subjects kept their hands 
on their hips, and were told not to bend their knees with a maximal effort without 
external aid.  Subjects were instructed to match the timing of landings with audible 
clicks generated by a metronome.  Before each experiment, subjects practiced the task 
for about ten minutes.  According to the subjective impression of the subjects, this 
practice session was enough to get used to the task.  While practicing, they 
determined their preferred hopping frequency by adjusting the metronome to the most 
comfortable frequency.  Hopping was performed on a platform (500mm×350mm).  
A strain sensitive load cell (50mm×50mm, LP-200KB, Kyowa Dengyo) on the 
platform was used as a foot-switch, producing an on-off signal of landing and take-off.  
The duration of this signal allowed us to measure hopping frequency, ground contact 
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time and aerial time. 
According to Arampatzis et al. (2001), leg stiffness during a jump movement can be 
altered by verbal instructions with respect to ground contact time.  In this experiment 
two different ground contact times were utilized during the stance phase: preferred and 
short contact time (PCT and SCT, respectively).  In the PCT condition, subjects were 
asked to choose their preferred ground contact time.  In the SCT condition, subjects 
were asked to hop with as short a contact time as possible.  They performed hopping 
in the PCT and SCT conditions in a random order with a minimum resting period of 
two min between hopping bouts.   
Leg stiffness during the contact phase was calculated with a spring-mass model 
(Dalleau et al., 2004), which utilizes the body mass and a single leg spring supporting 
the body mass.  Leg stiffness was defined as the rate of compression of the leg spring 
at a given force, and thus calculated as: 
 
      Kleg = [M･π (tf + tc)] /{ tc2 [(tf + tc) / π - tc / 4]}   (in N/m) 
 
where M was the total body mass, tc the ground contact time and tf the flight time.  
Electromyographic (EMG) activity was recorded from the medial gastrocnemius 
(MG), the soleus (SOL), and the tibialis anterior (TA) muscles of the right leg using a 
 20 
multi-telemetric system (WEB-5000, Nihon Kohden).  Bipolar surface electrodes 
with a 20 mm inter-electrode distance were placed on the belly of each muscle.  EMG 
signals were transmitted, amplified, band-pass filtered (10-500 Hz), and finally stored 
in a personal computer via an A/D converter at a sampling rate of 1 kHz.  
Simultaneously, ankle joint angles were measured throughout the trials using an 
electrogoniometer (XM150, Penny & Gilles Ltd.). 
The EMG signal was full wave rectified and averaged in synchronization with the 
moment of ground contact.  Then, I created linear envelopes of EMG data using a 
fourth-order Butterworth low-pass filter (cutoff frequency 10Hz).  A previous study 
showed that during hopping the medial gastrocnemius was activated approximately 
100 ms before landing (Melvill-Jones and Watt, 1971).  Thus, the EMG signals were 
integrated over an interval of 20 ms (IEMG) from 100 ms before foot contact to 200 
ms after contact.  The IEMGs were normalized relative to mean IEMG magnitude of 
the plateau period of the maximum isometric voluntary contraction (MVC) of each 
muscle and represented as a relative value (%MVC).  For the MVC, subjects 
maximally performed isometric plantarflexion and dorsiflexion for 3-5s, while 
maintaining their ankle joint at an angle of 90 degrees.  For the ankle angles, I also 
calculated the dorsiflexion amplitude and mean dorsiflexion velocity. 
Paired t-tests were used to compare the data of Fig. 2-1 between the PCT and SCT 
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conditions.  In addition, the differences in a quantitative EMG analysis between the 
PCT and SCT conditions were analyzed with a two-way repeated measure ANOVA 
(condition × time).  Tukey’s post-hoc multiple comparison test was performed if a 
significant main effect was observed.  Statistical significance was set at P < 0.05.  
SPSS for Windows software (Version 13.0, SPSS Inc.) was used for all statistical 
analyses. 
 
2.3 Results 
Hopping frequency, ground contact time and aerial time under both hopping 
conditions are shown in Fig. 2-1.  The hopping frequencies were 2.12 ± 0.09 Hz for 
the PCT condition and 2.11 ± 0.08 Hz for the SCT condition (Fig. 2-1A); there was no 
significant difference between them.  Ground contact time was significantly shorter in 
the SCT condition (203 ± 32 ms) than in the PCT condition (238 ± 32 ms) (Fig. 2-1B)  
In contrast, aerial time was significantly longer in the SCT condition (273 ± 26 ms) 
than in the PCT condition (235 ± 27 ms) (Fig. 2-1C).  Leg stiffness significantly 
increased from the PCT (24.3 ± 5.6 kN/m) to the SCT condition (31.8 ± 7.4 kN/m) 
(Fig. 2-1D).  The dorsiflexion amplitude, defined as the change in the ankle joint 
angle from landing to the most dorsiflexed point, was 33.3 ± 6.5 degrees for the PCT 
condition and 31.8 ± 7.7 degrees for the SCT condition; there was no significant 
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difference between the two conditions (Fig. 2-1E).  There was also no significant 
difference in the mean dorsiflexion angular velocity, defined as the ratio of the 
dorsiflexion amplitude to the time interval from landing to the most dorsiflexed point, 
between the PCT condition (368.3 ± 49.1 deg/sec) and the SCT condition (403.7 ± 54.7 
deg/sec) (Fig. 2-1F). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1.  Comparison of hopping frequency (A), contact time (B), aerial time (C), 
leg stiffness (D), dorsiflexion angle (E) and anglular velocity (F) for preferred contact 
(PCT) and short contact time (SCT) conditions. Unfilled circles represent an individual 
value for each subject. Filled circles represent the average value for the 7 subjects. A 
dagger (†) indicates a significant difference between two conditions; p < 0.01.  
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A typical example of the ankle joint angles and the EMG recordings from one 
subject is shown in Fig. 2-2.  Both MG and SOL activities began about 100 ms before 
landing for both hopping conditions.  After the landing, EMG steeply increased, and 
then decreased until take-off.  The peak EMG bursts occurred about 50 ms after 
ground contact for both muscles.  The TA activity was weak as compared with that of 
the MG and SOL.  It increased slightly about 50 ms after ground contact in both 
conditions. 
 
 
 
 
 
 
 
 
 
 
Figure 2-2.  Average traces of ankle angles and rectified EMG signals of MG, SOL, 
and TA muscles recorded during the PCT condition (thin lines) and the SCT condition 
(thick lines) from the right leg of one subject. The records were lined up by the moment 
of the touch down, which is represented by the dotted line. The thin and thick arrows 
indicate the moment of take-off in the PCT and SCT conditions, respectively. 
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-100 0 100 200 300 400 500
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Figure 2-3 provides the IEMGs of three muscles for the PCT and SCT conditions.  
Activities of both MG and SOL were greater in the SCT condition than in the PCT 
condition for the period from 0 to the peak at 50 ms after landing.  On the other hand, 
the activities of these muscles in the period from the peak to around 120 ms after 
landing are lower in the SCT condition than the PCT condition.  The activity of the 
TA is low throughout the analyzed period as compared with those of the MG and SOL 
(Fig. 2-3C). The activity increased slightly around 50 ms after the landing; the peak 
value is significantly greater for the PCT condition than the SCT condition.     
 
 
 
 
 
 
 
Figure 2-3.  IEMG activities of MG, SOL, and TA muscles averaged every 20 ms.  
Time 0 is the time of ground contact. Unfilled and filled circles indicate the PCT and 
SCT conditions, respectively. A dagger (†) and an asterisk (*) indicate significant 
differences between two conditions; p < 0.01 and 0.05, respectively.  
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2.4 Discussion 
The purpose of this study was to examine adjustments made by the neural 
mechanism that controls leg stiffness during hopping.  In spite of operating at the 
same hopping frequency, the proportion of ground contact time and aerial time differed 
between the PCT and SCT conditions (Fig. 2-1A, B and C).  Moreover, the SCT 
condition was characterized by higher leg stiffness than the PCT condition (Fig. 2-1D).  
This finding corresponds well with those of previous studies which noted that a short 
contact jump caused an increase in leg stiffness (Arampatzis et al, 2001; Farley et al., 
1998).  Thus, the subjects used their leg as a stiffer spring in the SCT than in the PCT 
conditions.   
The change in leg stiffness during hopping primarily correlates with a change in 
ankle joint stiffness (Arampatzis et al, 2001; Farley and Morgenroth, 1999; Farley et 
al., 1998; Kuitunen et al., 2007).  In the present study, to make the experimental 
condition simple, the subjects were told not to bend the knee.  Thus, muscles other 
than those around the ankle would have contributed minimally, if at all, to leg stiffness 
modulation.  Only the activities of the MG, SOL and TA were analyzed. 
TA activity during hopping was very low throughout the contact phase as compared 
with those of the MG and SOL.  Although the activity of the TA transiently increased 
at about 50ms after landing, this was significantly greater in the “PCT” condition 
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where the leg stiffness was “lower” than in the SCT condition (Fig. 2-3).  This 
finding is contrary to my initial hypothesis that co-activation of the TA and triceps 
surae would be the main mechanism for leg stiffness control during hopping.  It 
seems that, at least in the present experimental condition, central nervous outflow 
inhibits TA activity to increase the force response of the soleus muscles to stretch that 
occurs because of reciprocal inhibition (Nichols, 1989), rather than to co-activate the 
TA with the triceps surae, as a means of increasing leg stiffness.  
The EMG activity of the triceps surae was facilitated, both in the pre- and 
post-landing phases, with a higher leg stiffness in the SCT conditions (Fig. 2-3).  The 
increase in pre-landing EMG activity likely reflects a centrally programmed motor 
commands to increase leg stiffness in anticipation of the force to be encountered upon 
landing.  This interpretation agrees that of earlier studies which note that leg stiffness 
partly depends on preactivation during the aerial phase (Dyhre-Poulsen et al., 1991; 
Gollhofer and Kyrolainen, 1991; Rapoport et al., 2003).  
Post-landing EMG activities peaked at about 50 ms in both MG and SOL muscles 
(Fig. 2-2).  Numerous studies have suggested that the EMG component at this time is 
the short-latency stretch reflex triggered by dorsiflexion at landing (Melvill-Jones and 
Watt, 1971; Nichols and Houk, 1976; Voigt et al, 1998a; Voigt et al., 1998b).  
Interestingly, this stretch reflex component increased more in the SCT condition than 
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in the PCT condition (Fig. 2-3).  This was not caused only by the changes in 
stretching of the triceps surae muscle spindle, since the amplitude of ankle dorsiflexion 
and its velocity were not different between the two conditions (Fig. 2-1E and F).  
One potential explanation for the increased stretch reflex component is that the 
sensitivity of the stretch reflex was altered.  It is worthwhile to note that not only the 
short latency stretch reflex but also the preactivation and the activity in the early part 
of post-landing phase (0-35 ms) were facilitated (Fig. 2-3).  The latter component 
could be the continuity of “preactivation” produced by a descending signal from the 
central nervous system.  Considering the α-γ co-activation (Bear et al., 2001), it 
seems likely that the triceps surae muscle in the SCT condition possesses higher stretch 
reflex sensitivity through the modulation of the γ-activity.  Another possibility for the 
increase in post-landing activity of the SCT condition is that changes occurred in the 
excitability of the motor neuron pool in the spinal cord.  Voigt et al. (1998a) 
suggested that short contact hopping enhances the excitability of the motor neuron pool 
by decreasing presynaptic inhibition of the Ia afferent terminals.  However, with the 
present data it is not possible to determine whether the increase in the short latency 
stretch reflex was caused by modulation of gamma motor activity or simply by a 
change in motoneuron excitability. 
Late EMG phases around 100 ms after landing in triceps surae muscles are 
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significantly lower for the SCT than the PCT.  This would be the back side of the 
facilitation in 0-50ms period in the SCT condition under the demand of bursting 
activity to realize the short contact time.  Thus, when compared with the PCT, a 
greater EMG burst at early post-landing phase in the SCT condition would lead the 
subjects to hop higher, and thus, with longer aerial time.  
 
2.5 Conclusion 
In the present study, neural control of leg stiffness during hopping was investigated 
by utilizing two hopping conditions.  Leg stiffness was found to be regulated by a 
change in preactivation and probably also by a concomitant change in the short-latency 
stretch reflex response of the triceps surae muscles.  Co-contraction of antagonistic 
TA muscles does not seem to play an important role in leg stiffness control during 
hopping.   
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Determinants of Difference in Leg Stiffness 
between Endurance- and Power-trained Athletes 
 
Understanding the leg and joint stiffness during human movement would provide important 
information that could be utilized for evaluating sports performance and for injury prevention.  
In the present chapter, I examined the determinants of the difference in the leg stiffness 
between the endurance-trained and power-trained athletes.  Seven distance runners and seven 
power-trained athletes performed in-place hopping, matching metronome beats at 3.0 and 1.5 
Hz.  Leg and joint stiffness were calculated from kinetic and kinematics data.  
Electromyographic activity (EMG) was recorded from six leg muscles.  At both hopping 
frequencies, the power-trained athletes demonstrated significantly higher leg stiffness than the 
distance runners.  Hip, knee, and ankle joints were analyzed for stiffness and touchdown 
angles.  Ankle stiffness was significantly greater in the power-trained athletes than the 
distance runners at 3.0 Hz as was knee stiffness at 1.5 Hz.  There was no significant 
difference in touchdown angle between the DR and PT groups at either hopping frequencies.  
When significant difference in EMG activity existed between two groups, it was always 
greater in the distance runners than the power-trained athletes.  These results suggest that 1) 
the difference in leg stiffness between endurance-trained and power-trained athletes is best 
attributed to increased joint stiffness, and 2) the difference in joint stiffness between the two 
groups may be attributed to a lack of similarity in the intrinsic stiffness of the muscle-tendon 
complex rather than in altered neural activity. 
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3.1 Introduction 
While the underlying mechanisms are largely undescribed, power-trained athletes 
show higher leg stiffness than endurance-trained athletes during the inclined sledge 
jump (Harrison et al., 2004) or the one-legged vertical jump (Laffaye et al., 2005).  
The aim of the present study was to validate differences in stiffness between the two 
types of training as well as to provide evidence which would allow us to make 
conclusion about the overall mechanistic alterations involved.  I utilized a two-legged 
hopping task, which involves typical spring-like behavior of the legs. 
Overall leg stiffness depends on the stiffness of the torsional joint spring (joint 
stiffness, which is defined as the ratio of the maximal joint moment to the maximum 
joint flexion at the middle of the stance phase).  Previous studies suggest that leg 
stiffness during hopping and jumping largely depends on ankle stiffness (Farley and 
Morgenroth, 1999; Arampatzis et al., 2001; Farley et al., 1998).  Ankle stiffness is 
regulated by pre-activity (muscle activity before ground contact) and muscle activity 
including the short-latency stretch reflex response of the triceps surae at landing (see 
chapter II).  Moreover, previous findings indicate that joint stiffness is influenced by 
the antagonistic co-contraction (Carter et al., 1993; Hortobagyi and DeVita, 2000).  
Furthermore, joint stiffness is also influenced by the changes in touchdown joint angle, 
because it changes the distance of moment arm of the ground reaction force at each 
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joint (Farley et al., 1998).  In the present study I hypothesize that 1) the difference in 
leg stiffness between power-trained and endurance-trained athletes is due to a 
difference in ankle stiffness and 2) the difference in ankle stiffness is associated with 
differences in pre-activity and stretch reflex responses of the triceps surae and/or 
co-contraction level. 
 
3.2 Methods 
Participants 
Seven distance runners (DR; 20.0 ± 1.2 yr, body mass 59.7 ± 4.0 kg, height 1.72 ± 
0.04 m) and 7 power-trained athletes (PT; 20.1 ± 1.5 yr, body mass 70.8 ± 3.7 kg, 
height 1.78 ± 0.04 m, respectively) participated in this study.  The DR group had 
performed regular endurance running training between four and nine times per week, 
for more than 7 years.  The PT group had performed sprint training at least five times 
per week for more than 9 years.  Informed consent approved by the Human Ethics 
Committee, Faculty of Sport Sciences, Waseda University, was obtained from all 
subjects before the experiment.   
 
Task and procedure 
Barefoot subjects were asked to hop in place with their hands on their hips.  
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Hopping was performed on a force plate (60 cm × 120 cm, Power Max-1500, Bertec 
Inc., Japan); the vertical ground contact force was recorded at 1000 Hz.  To validate 
differences in stiffness between the two types of training over hopping frequencies, I 
set hopping frequency at 1.5 and 3.0 Hz with a digital metronome beat.  These two 
frequencies represent the broadest possible range because (1) below a hopping 
frequency of 1.5 Hz, the lower extremity does not behave like a simple spring-mass 
system (Farley et al., 1991), and (2) the subjects in the present study could not 
precisely follow the metronome beat above a hopping frequency of 3.0 Hz.  It has 
also been demonstrated that differences in the instruction about contact time influences 
leg stiffness during hopping at a given hopping frequency (Arampatzis et al., 2001).  
Therefore, in order to focus only on the adaptation in leg stiffness due to the type of 
training, the subjects were asked to hop with as short a contact time as possible at each 
hopping frequency.  Before data collection, each subject practiced at both frequencies 
for as much time as was needed.  Then, they performed hopping at the two 
frequencies in a random order with a five minutes rest period in between. 
 
Data collection and analysis  
Five consecutive hops from the sixth to the tenth of the 15 hops were used for the 
analysis.  From the measurement of ground reaction force, actual hopping frequency, 
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ground contact time and aerial time were determined.   
Each subject was videotaped in the sagittal plane at 250 fields per second using a 
high speed video camera (HSV-500C3, NAC Inc., Japan).  I placed six retroreflective 
markers on the subjects in the following location: the tip of the first toe, the fifth 
metatarsophalangeal joint, the lateral malleolus, the lateral epicondyle of the femur, the 
greater trochanter, and the acromion scapulae.  The position of each marker was 
digitized by movement-analysis software (FrameDias II, DKH Inc., Japan).  
Kinematic data were low-pass filtered by a fourth-order zero-lag Butterworth filter 
with a cut-off frequency of 8 Hz, from which joint angular displacements were 
determined. 
Leg stiffness was calculated utilizing the spring-mass model.  During hopping, the 
peaks of ground reaction force and leg compression coincide in the middle of the 
ground contact phase.  At this point, leg stiffness can be calculated as the ratio of 
peak vertical ground reaction force to peak leg compression (Farley and Morgenroth, 
1999).  Leg compression is equal to the maximum vertical displacement of the center 
of mass (COM) during ground contact, which was calculated by integrating the vertical 
acceleration twice with respect to time. 
Joint stiffness was calculated with the torsional spring model (Farley et al., 1998; 
Farley and Morgenroth, 1999).  Peak joint moment and joint flexion coincide in the 
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middle of the ground contact phase.  I calculated joint stiffness by dividing peak joint 
moment by joint angular displacement (Farley and Morgenroth, 1999).  Joint moment 
was determined by utilizing inverse dynamics analysis in conjunction with 
anthropomorphic data (Dempster, 1955).  Since a subject’s body size influences the 
stiffness value (Farley et al., 1993), both leg and joint stiffnesses were divided by the 
subject’s body mass. 
 
EMG collection and analysis 
I made electromyographic recordings (EMG) of activity in the biceps femoris (BF), 
rectus femoris (RF), vastus lateralis (VL), tibialis anteriors (TA), medial gastrocnemius 
(MG), and soleus (SOL) muscles of the right leg (FLA-128, Furusawa Lab Appliance 
Inc., Japan).  Ag-AgCl bipolar surface electrodes with a 20 mm inter-electrode 
distance were placed on the belly of each muscle.  To minimize the EMG crosstalk 
between muscles, I carefully checked electrode placement using the manual muscle 
testing procedure (Perotto et al., 1994).  Further, for minimizing the movement 
artifact, leads were secured to the leg with adhesive tape.  The EMG signals were 
amplified, band-pass filtered (10-500Hz), and stored in a personal computer via an A/D 
converter (sampling frequency at 1000 Hz). 
The obtained EMG was full wave rectified, and then averaged, synchronizing the 
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records to the moment of touchdown.  Next, I created linear envelopes of EMG data 
using a fourth-order Butterworth low-pass filter (cutoff frequency 10Hz).  I calculated 
mean EMG during the 100ms before contact and termed it pre-activity (PRE).  The 
first 30ms after landing was calculated and termed background EMG activity (BGA: 
Voigt et al., 1998a; Voigt et al., 1998b).  The mean EMG from 30 ms to 60 ms after 
landing was calculated and used to represent supraspinal voluntary command to 
activate muscle and a short-latency stretch reflex component (M1: Voigt et al., 1998a; 
Voigt et al., 1998b).  Finally, the mean EMG from 60 ms to 90 ms was calculated and 
used to represent voluntary muscle activities and a long-latency stretch reflex 
component (M2: Horita et al., 1996; Golhofer et al., 1992).  The mean EMGs were 
normalized relative to those that occurred during the maximum isometric voluntary 
contraction (MVC) of each muscle (%MVC).  The MVC was determined after the 
hopping experiments.  For this, the subjects performed a maximal isometric 
contraction of each muscle for 3-5 sec.  The knee joint angle during the plantar 
flexion and dorsiflexion was maintained at 180° with a 90° hip angle in the seated 
position.  Knee extension was performed at a 90° knee angle in the seated position.  
Further, hip extension was performed at a 180° hip angle with a 90° knee angle in the 
standing position. 
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Statistics 
A two-way repeated measure ANOVA (group × frequency) was performed to 
compare the endurance runners and sprinters.  A Bonferoni post-hoc multiple 
comparison test was performed if a significant main effect was observed.  Statistical 
significance was set at P < 0.05.  SPSS for Windows software (Version 13.0, SPSS 
Inc.) was used for all statistical analysis.  All data are presented as the mean ± the 
standard deviation (SD). 
 
3.3 Results 
Hopping frequency, contact time and flight time 
Hopping frequency, contact time and aerial time under two hopping conditions are 
shown in Table 3-1.  There was no significant difference in actual hopping frequency 
between the DR and PT groups at either metronome settings.  At 1.5 Hz, ground 
contact time was significantly shorter in the PT than in the DR group, and flight time 
was significantly longer in the PT than in the DR group.  At 3.0 Hz, similar 
relationships obtained, although the differences did not reach statistical significance. 
 
Leg stiffness 
Figure 3-1A shows a typical example of the relationship between force and COM 
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displacement in single cycles of hopping at 1.5 and 3.0 Hz, recorded from one PT 
subject.  The leg was compressed from the moment of landing, and ground reaction 
force increased with COM displacement.  Ground reaction force peaked at the 
moment of maximum leg compression, and subsequently, the force decreased with 
extension of the leg until take-off. 
Leg stiffness is represented by the slope of the force-displacement curve in the leg 
compression phase.  As shown in Fig. 3-2, leg stiffness was significantly greater in 
the PT group than in the DR group at both hopping frequencies.  
 
Joint stiffness  
Figure 3-1B, C and D depict a typical example of the relationship between joint 
moment and angular displacement in a single cycle of 1.5 and 3.0 Hz hopping.  These 
data were obtained from the same subject and the same hopping cycle as utilized for 
Fig. 3-1A.  From the moment of touch down, the joints were flexed, and joint 
moments increased.  The joint moment peaked at the maximum joint flexion, after 
which the joint began to extend with a decrease in joint moment until take-off. 
Figure 3-3 depicts joint stiffness, the slope of these moment-angular displacement 
curves.  At 3.0 Hz, ankle stiffness was significantly greater in the PT group than in 
the DR group.  Joint stiffness in the two remaining joints did not differ between the 
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two groups.  At 1.5 Hz knee stiffness was significantly greater in the PT group than in 
the DR group. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-1. Typical examples of force-COM displacement (A) and moment-angular 
displacement curves of the hip (B), knee (C), and ankle (D) recorded from a single PT 
subject in both hopping conditions.  Thin and bold lines indicate hopping at 1.5 Hz and 
3.0 Hz, respectively.  The slopes (dotted lines) of these curves represent leg and joint 
stiffness, respectively. 
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Figure 3-2. Comparison of leg stiffness for the two frequencies.  The power-trained 
athletes (PT) demonstrated a higher leg stiffness than did the distance runners (DR).  
A dagger (†) and an asterisk (*) indicate significant differences between two groups; p 
< 0.01 and 0.05, respectively. 
 
 
 
 
 
 
 
 
 
 
Figure 3-3. Comparison of the hip, knee, and ankle stiffness between the two groups 
at both hopping frequencies.  
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Touchdown joint angle 
Table 3-1 shows the joint angle of hip, knee and ankle at touchdown at both hopping 
frequencies.  There was no significant difference in touchdown angle between the DR 
and PT groups at either hopping frequencies.  
 
 
 
Table 3-1.  Comparison of temporal, kinetic and kinematic characteristics between 
the DR and PT groups.  A dagger (†) and an asterisk (*) indicate significant 
differences between the two groups; p < 0.01 and 0.05, respectively. 
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EMG activity 
A typical EMG recording from one subject of the PT group is shown in Fig. 3-4.  
Except for the BF, leg extensors showed similar activation patterns during the entire 
hopping cycle at both frequencies.  EMG activation began about 50 ms before landing 
in both hopping conditions.  Regardless of the hopping frequency, peak EMG bursts 
occurred about 30-60 ms after ground contact.  For the MG, this tendency was 
obvious only for 1.5 Hz hopping.  Whereas EMG activities at 3.0 Hz ended at around 
60 ms, those at 1.5 Hz increased again at 60-90 ms, and then gradually decreased until 
take-off.  During the entire hopping cycle, the BF did not show a consistent activity 
pattern.  TA activity during hopping was very low throughout the contact phase as 
compared with those of the agonists.  Figure 3-5 illustrates mean EMG activity for 
the two training groups at both hopping frequencies.  For all components of PRE, 
BGA, M1, and M2, EMG activity was either significantly greater in the DR group, or 
did not differ between two groups.  This tendency remained when the EMGs were 
normalized utilizing the MVC data (Fig. 3-6). 
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Figure 3-4. Examples of rectified and low-pass filtered EMG for biceps femoris (A), 
rectus femoris (B), vastus lateralis (C), tibialis anteriors (D), medial gastrocnemius 
(E), and soleus (F) recorded from one subject for both hopping frequencies.   
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Figure 3-5. Mean EMG of pre-activity (PRE), background activity (BGA), short-latency 
stretch reflex (M1), and long-latency stretch reflex (M2) in biceps femoris (A), rectus 
femoris (B), vastus lateralis (C), tibialis anteriors (D), medial gastrocnemius (E), and 
soleus (F) for the DR and PT group at both hopping frequencies.  A dagger (†) and an 
asterisk (*) indicate significant differences between two groups at p < 0.01 and 0.05, 
respectively. 
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Figure 3-6. Leg extensor EMGs normalized utilizing the maximally voluntary 
contraction (%MVC).  An asterisk (*) indicate significant differences between two 
groups; p < 0.05. 
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3.4 Discussion 
The purpose of this study was to investigate determinants of the difference in leg 
stiffness between endurance-trained athletes and power-trained athletes.  The PT 
group demonstrated higher leg stiffness than the DR group at both hopping frequencies 
(Fig. 3-2).  In addition, the PT group demonstrated a shorter contact and a longer 
aerial time than the DR group (Table 3-1), which means that the PT group hopped 
higher than the DR group in both conditions.  These results correspond well with 
those of previous studies which demonstrated that the sprinters could jump higher, with 
shorter contact time, than endurance athletes (Harrison et al., 2004; Kyrolainen and 
Komi, 1995; Laffaye et al., 2005).  
In the present study, observed differences in leg stiffness between the two groups 
were accompanied by a difference in ankle stiffness at 3.0 Hz, and in knee stiffness at 
1.5 Hz (Fig. 3-3).  This frequency-dependent difference in joint dynamics does not 
fully support my first hypothesis which stated that differences in the leg stiffness 
between the two groups would be due to the ankle stiffness.  The cause of the above 
discrepancy could be a difference in relative contribution of the joints to the jumps 
between low (1.5 Hz) and high frequencies (3.0 Hz).  It has been demonstrated that 
the ankle joint plays an important role for producing vertical-propulsive energy during 
hopping (Fukashiro and Komi, 1987).  On the other hand, in the drop jump performed 
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immediately after a drop from a given height, knee joint behavior is rather crucial for 
regulating the performance (Horita et al., 2002).  In the present study, ground contact 
time, peak knee moment and knee angular displacement averaged for all subjects at 1.5 
Hz were: 195 ms, 7.89 Nm/BW, and 0.38 rad, respectively.  These values are quite 
similar to those of drop jump from 50cm height in the study of Horita et al. (2002), in 
which the corresponding values are 205 ms, 7.94 Nm/BW (calculated from Fig. 1 and 
mean subject’s body mass in their study), and 0.43 rad (estimated from Fig. 1 in their 
study), respectively.  This concordance suggests that the 1.5 Hz hopping of the 
present study was kinematically similar to the drop jump.  The EMG data also 
supports this conclusion.  At 1.5 Hz EMG activities of the RF, VL, MG and SOL 
peaked at around 30-60 ms and 60-90 ms after landing (Fig. 3-4).  These peaks 
correspond to the short- and long-latency stretch reflex (Golhofer et al., 1992; Horita et 
al., 1996; Nardone and Schieppati, 1998; Dyhre-Poulsen et al., 1991).  While the 
long-latency stretch reflex in lower extremity appeared during the drop jump (Golhofer 
et al., 1992; Horita et al., 1996), it was minimally observed in hopping frequencies 
from 3.33 Hz to 1.66 Hz (Funase et al., 2000).  Thus, the presence or absence of a 
long-latency stretch reflex also suggests that hopping at 1.5 Hz would be kinematically 
similar to the drop jump, rather than to hopping at higher frequencies. 
EMG activity of the RF, VL, MG, SOL appeared prior to the landing (Fig. 3-4).  
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Generally, pre-activity is thought to be due to centrally programmed motor commands 
which function to increase joint stiffness in anticipation of the force to be encountered 
upon landing (see chapter II).  The BGA component can be also considered as a 
continuation of the pre-activity; that is, activity driven by a signal from the central 
nervous system.  The amplitude of BGA regulates not only joint stiffness but also 
stretch reflex sensitivity by modulating excitability of the motorneuron pool (Matthews, 
1986).  As previously noted, EMG activities from 30 ms to 60 ms and from 60 ms to 
90 ms are considered to include voluntary activation by supraspinal command and 
stretch reflexes with short- (M1) and long-latency (M2) (Golhofer et al., 1992; Horita 
et al., 1996; Voigt et al., 1998a; Voigt et al., 1998b).  It is worthwhile to note that no 
component of EMG activity was greater in the PT than in the DR group (Fig. 3-5 and 
6); this tendency was retained even when EMG activity was normalized utilizing MVC 
data.  Similarly, there was no significant difference in antagonistic TA activities 
between the two groups for both hopping frequencies (Fig. 3-5 and 6).  This result 
completely contrasts with my second hypothesis which stated that differences in joint 
stiffness between the two groups would be associated with pre-activity and stretch 
reflex responses of the triceps surae and/or co-contraction levels.  Interestingly, there 
was also no significant difference in touchdown joint between the two groups for both 
hopping frequencies (Table 3-1).  Thus, my results suggest that the difference in joint 
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stiffness between the two groups depends on something other than neuronal input or 
touchdown joint angle.  A logical choice would be the intrinsic properties of the 
musculoskeletal system.  Joint stiffness is composed of many mechanical elements, 
which include muscles, and tendons as well as other connective tissues (Butler et al., 
2003; Farley et al., 1998).  A recent finding suggests that sprinters have stiffer 
tendons and aponeurosis of the triceps surae as compared with endurance athletes 
(Arampatzis et al., 2007).  However, Kubo et al., (2000a, b) showed opposite results 
about the comparisons among sprinters, long-distance runners and control subjects.  
Because there were some differences in measurement settings between the previous 
studies, my interpretation might be needed an attention.  Muscle stiffness does depend 
on the muscular activation level (Dyhre-Poulsen et al., 1991).  In the present study, as 
judged by EMG activity, muscular activation levels tended to be larger in the DR than 
in the PT group (Fig. 3-5 and 6).  Further, it is known that slow-twitch (ST) muscle 
fibers possess a greater dynamic stiffness than do fast-twitch (FT) muscle fibers (Petit 
et al., 1990).  Although I did not measure muscle fibre composition in the present 
study, it could be assumed that the DR group possesses more ST fibres than the PT 
group (Sadoyama et al., 1988).  Hence, it is a reasonable assumption that differences 
in joint stiffness between the two groups can be attributed to the intrinsic stiffness of 
the tendons and/or aponeuroses, rather than to muscle stiffness. 
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3.5 Conclusion 
The results of the present study suggest that, as evaluated in a two-legged hopping 
task, power-trained athletes have stiffer leg springs than do distance runners.  
Differences in leg stiffness between the two groups are due to an increased joint 
stiffness, which may be attributed to an intrinsic stiffness of the tendon and/or 
aponeurosis. 
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Continuous change in spring-mass characteristics 
during 400-m sprint 
 
 
 
The purpose of this chapter is to utilize a spring-mass model to (1) continuously measure 
vertical stiffness (Kvert) and leg stiffness (Kleg) over an entire 400-m sprint, and (2) investigate 
the relationship between Kvert or Kleg and the performance characteristics of forward running 
velocity (Vforwad), stride frequency (fstride), and stride length (Lstride). Eight male athletes 
performed a 400-m sprint with maximal effort on an outdoor field track.  Kvert and Kleg were 
calculated from the subjects’ body mass, forward velocity, ground contact time and flight time 
at each step.  Vforwad, fstride and Lstride were determined from video images.  Kvert and Vforwad 
peaked at the 50-100 m interval, and consistently decreased from the middle to the later part of 
the sprint.  As compared with the peak values, Kvert and Vforward in the last 50 m decreased by 
about 40% and 25%, respectively. A significant positive linear relationship existed between 
the Kvert and Vforward.  While Kvert was significantly correlated with fstride, it had no correlation 
with Lstride.  Further, no significant relationship with 400-m sprint performance was found for 
Kleg. These results indicate that in order to keep Vforward at later stage of a 400-m sprint, 
maintaining the higher fstride through retaining a higher Kvert would be necessary. 
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4.1 Introduction 
The 400 m sprint is unique in that it requires the usage of anaerobic processes to 
their limit and substantial aerobic processes as well.  A good performance in this race 
requires an efficient running technique and, thus, a biomechanical analysis of body 
movement during the race would provide useful information for performance 
enhancement.  For such purposes, it is useful to characterize the whole body with a 
spring-mass model composed of a body mass and linear leg spring supporting the mass 
(Fig. 4-1A), because the leg behaves like a spring during running.  Vertical stiffness 
(Kvert) is calculated as the ratio of the vertical leg spring compression and peak force of 
vertical ground reaction force at the middle of the stance phase (Blickhan, 1989; Butler 
et al., 2003).  It has been demonstrated that Kvert strongly influences running 
performance as evaluated by forward running velocity (Vforward), stride frequency 
(fstride), stride length (Lstride), contact (tc) and flight time (tf ; Arampatzis et al., 1999; 
Butler, et al., 2003; Farley and Gonzalez, 1996; He et al., 1991; Kuitunen et al., 2002; 
Nomenclature 
Kvert  vertical stiffness                 Vforward  forward running velocity 
Kleg  leg stiffness                     fstride     stride frequency   
Fmax  estimated maximum vertical        Lstride   stride length 
    ground reaction force              Δyc    estimated vertical displacement 
tc    ground contact time                         of the center of mass 
tf     flight time                       m    total body mass 
g   gravitational acceleration 
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McMahon and Cheng, 1990; Morin et al., 2006). On the other hand, leg stiffness 
(Kleg), which is defined as the ratio of the maximal force in the spring to the maximum 
leg compression at the middle of the stance phase, remains constant in a wide range of 
velocity (Farley and Gonzalez, 1996; Morin et al. 2005). 
Although a number of studies have been conducted to examine body biomechanical 
characteristics during a 400-m sprint (Sprague and Mann, 1983; Nummela et al., 1992; 
Rusko et al. 1993; Nummela et al., 1994; Nummela et al., 1996; Ogata et al., 1998; 
Ogata et al., 2003; Ogata et al., 2005), no study has quantified the spring-like behavior 
of the leg.  In the present study, I (1) measure the Kvert and Kleg over an entire 400-m 
sprint continuously, and (2) investigate the relationships between the Kvert (Kleg) and 
Vforward, fstride or Lstride. 
 
4.2 Methods 
Subjects 
Eight male athletes with no neuromuscular disorders or functional limitations in 
their legs participated in the study.  Their physical characteristics were: age 22.4 ± 3.2 
years, height 174.9 ± 4.7 cm, and body weight 65.9 ± 5.6 kg (mean ± SD).  The group 
consisted of two 100-m sprinters, one 110-m hurdler, three 400-m sprinters, one 800-m 
runner and one endurance runner.  Informed consent approved by the Human Ethics 
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Committee, Faculty of Sport Sciences, Waseda University, was obtained from all 
subjects before the experiment. 
 
Experimental procedure 
The running test was performed on an official outdoor field track, using the sixth lane.  
Our intention was to have each subject run 400 m with maximal effort.  After a 
warm-up, our instructions to the runners were simply run as fast as possible. 
 
Data collection 
I videotaped each subject in the sagittal plane at 60 fields per second (NVS-9, 
Panasonic Inc., Japan) from inside the track.  Then, I determined the Vforward at each 
50 m interval by dividing the running distance (50 m) by running time of the interval.  
Following a previous study (Farley and Gonzalez, 1996), I defined stride as the time 
from the footfall of one leg to the next footfall of the same leg.  Stride frequency 
(fstride) was manually counted using movement-analysis software (FrameDias II, DKH 
Inc., Japan).  Stride length (Lstride) was calculated by dividing Vforward by fstride in each 
interval. 
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Vertical stiffness calculation 
Kvert (kN / m) is defined as the ratio of the estimated peak force (Fmax; kN) and the 
estimated vertical center of mass displacement (Δ yc; cm): 
 Kvert = Fmax･Δ yc-1                   (1). 
In the present study, I estimated both Fmax and Δ yc from body mass, flight time, and 
contact time according to the formula by Morin et al. (2005): 
                   Fmax = m g π / 2 (tf / tc + 1),                (2) 
 and Δ yc = Fmax･tc2 / m π2 + g tc2 / 8            (3) 
where m is the total body mass, g is the gravitational acceleration, tf is the flight time, 
and tc is the ground contact time at each step.  At each step, tf and tc were measured 
from the output waveform of the accelerometer (Fig. 4-1B), which was attached to the 
subject’s right heel and had a sampling frequency of 1 kHz (Weyand et al., 2001).  
Obtained raw waveform data indicate the time from the footfall of the right leg to the 
next footfall of the same leg.  Assuming that the time from take-off of the leg on one 
side to touchdown the leg on the other side would be same at all times, flight time at 
each step was calculated as follows: 
tf = (tc + Tf) / 2 - tc                    (4) 
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where Tf is the time from the footfall of right leg to the next footfall of the same leg. 
 
Leg stiffness calculation 
Kleg (kN / m) is defined as the ratio of the estimated peak force (Fmax; kN) and the 
estimated peak displacement of the leg spring (Δ L; cm) calculated from the initial leg 
length L (greater trochanter to ground distance in a standing position).  Thus, Kleg was 
calculated as follows: 
 Kleg = Fmax･Δ L-1                   (5) 
with cc y
vtLLL Δ+⎟⎠
⎞⎜⎝
⎛−−=Δ
2
2
2
           (6). 
where v is the forward velocity of the body time and tc is the ground contact time at 
each step.  According to the Morin et al. (2005), subject’s initial leg length was 
modeled as follows: 
                     L = 0.53h                         (7) 
where h is the subject’s height (in m), and this equation is based on the anthropometric 
parameters of Winter (1990). 
 
Statistical analysis 
One-way repeated measure ANOVA was performed for each parameter to determine 
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whether there were significant differences among the 50-m intervals.  A pos-hoc 
multiple comparison test (Bonferoni) was performed if a significant main effect was 
observed.  Pearson’s correlation coefficients were used to examine the relationships 
between Kvert, Vforward, fstride and Lstride.  Statistical significance was set at P < 0.01.  
All data are presented as mean values with standard errors of the mean (SEM). 
 
 
 
 
 
 
 
 
 
Figure 4-1. (A) Spring-mass model in running.  The leg spring is compressed during 
the first half of the stance phase and rebounds during the second half.  Vertical 
displacement of the center of mass during ground contact is represented by Δ yc. 
(B) Output waveform of the accelerometer during running.  Ground contact time 
and time from the footfall of the right leg to the next footfall of the same leg are 
represented by tc and Tf, respectively. 
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4.3 Results 
Subjects ran the 400 m in 52.67 ± 0.92 s.  Kvert peaked at the 50-100 m interval, and 
consistently decreased thereafter (Fig. 4-2A).  This change was mainly associated 
with an increase in Δ yc rather than a decrease in Fmax (Table 1).  Kleg peaked at first 
50 m interval, and remained constant from next 50 m interval to finish (Fig. 4-2B).  
This change was mainly associated with an increase in Δ L (Table 1).  Vforward also 
showed a peak value in the first quarter of the race, and then it gradually decreased 
from the middle to the later part (Fig. 4-2C).  As compared with peak values in the 
second 50 m interval, Kvert and Vforward during the last 50 m decreased by about 40% 
and 25%, respectively.  From the middle to the later part of the distance, tf was 
unchanged and tc increased, resulting in a decrease of fstride (Fig. 4-2D and Table 1).  
Lstride showed a peak during the second interval and then gradually decreased (Fig. 
4-2E).  In the last 50-m interval, fstride and Lstride decreased to about 83% and 90% of 
their maximum values, respectively. 
Figures 4-3A and B show the relationship between Vforward and fstride, or Lstride, 
respectively.  Both fstride and Lstride were significantly correlated with Vforward.  
Figures 4-3C, D and E represent the relationship between Kvert and Vforward, fstride, or 
Lstride for all subjects.  A significant positive linear relationship was found between 
Kvert and Vforward (Fig. 4-3C).  Kvert was also significantly correlated with fstride (Fig. 
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4-3D).  However, Kvert was not correlated with Lstride (Fig. 4-3E).  Figure 4-3F, G 
and H represent the relationship between Kleg and Vforward, fstride, or Lstride for all subjects.  
No significant positive linear relationship was found between Kvert and Vforward, fstride, or 
Lstride. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-2. Changes in Kvert (A), Kleg
(B), Vforward (C), fstride (D) and Lstride (E) 
as a function of distance. A dagger 
indicates significant differences from 
value for the second 50 m; P < 0.01. 
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Figure 4-3 Relationships between the Vforwad and fstride (A), Lstride (B) and 
Kvert (C), and between Kvert and fstride (D) or Lstride (E), and between Kleg and
Vforwad (F), fstride (G) or Lstride (H)  for the entire 400 m distance. 
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Table 4-1 Spring-mass characteristic for all subjects for every 50 m interval (SEM in 
parenthesis).  A dagger indicates significant differences from the values obtained 
for the second 50 m; P < 0.01.  
  
 
 
 
 
 
 
 
 
 
4.4 Discussion 
To my best knowledge, this is the first study that demonstrates the continuous 
change in of the spring-like leg behavior that occurs during an entire 400 m sprint.  
The values of Kvert and Kleg obtained in this study correspond well with those of 
previous studies on the leg spring behavior during running in other situations 
(Arampatzis et al., 1999; He et al., 1991; Morin et al., 2005; Morin et al., 2006). 
In this study, both Kvert and Vforward showed maximal values in the second 
50-minterval (50-100 m) and afterward demonstrated a monotonic decrease (Fig. 4-2A 
50 m 100 m 150 m 200 m 250 m 300 m 350 m 400 m
t c , ms 110 108 114 120 124 130 136 143
(3) (3) (4) (3) (4) (3) (2) (2)
t f , ms 132 145 144 148 151 149 149 150
(6) (5) (5) (6) (5) (5) (4) (3)
F max , kN 2.28 2.43 2.36 2.31 2.31 2.23 2.17 2.12
(0.11) (0.14) (0.14) (0.13) (0.14) (0.11) (0.10) (0.09)
Δ y c , cm 2.64 2.78 2.97 3.21 3.37 3.54 3.76 4.00
(0.11) (0.09) (0.11) (0.09) (0.08) (0.08) (0.09) (0.12)
Δ L , cm 0.12 0.16 0.17 0.17 0.16 0.16 0.17 0.17
(0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01)
† †† ††
† †† ††
†
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and C).  In the last 50-m interval, Kvert and Vforward fell to about 60% and 75% of their 
maximum values, respectively.  It has been demonstrated that Kvert increases with an 
increase in speed for treadmill running (He et al., 1991; McMahon and Cheng, 1990; 
McMahon et al., 1987; Morin et al., 2005).  The fact that Kvert was significantly 
correlated with Vforward over an entire 400-m sprint (Fig. 4-3C) suggests that Kvert is an 
important factor in maintaining Vforward not only in treadmill running but also in field 
running.  Furthermore, Kleg was not collated with Vforward, fstride and Lstride (Fig. 4-3F, G 
and H).  These results are in line with previous studies (He et al. 1991; Farley et al., 
1993), and also indicate that vertical component of Kleg is the major determinant of 
running performance. 
The observed monotonic decrease in Vforward over the entire 400 m agrees with 
previous findings which showed that running speed began to decrease in the first 
quarter of the 400 m sprint (Nummela et al. 1992; Nummela et al., 1994; Ogata et al., 
2005).  It is expected that both fstride and Lstride should have significant correlations 
with Vforward (Fig. 4-3A and B), since Vforward is the product of fstride and Lstride.  The 
17% decrease in fstride from its peak value in the last 50-m interval was relatively 
greater than the 10% decrease seen in Lstride (Fig. 4-2D and E).  This suggests that 
fstride rather than Lstride is the dominant determinant of Vforward.  This finding is contrary 
to that observed in previous studies which found that 400-m sprint fatigue mainly 
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affected stride length rather than stride frequency (Nummela et al., 1992; Nummela et 
al. 1994; Ogata et al., 2003).  This inconsistency might be attributable differences in 
the individual running strategy, subject group and motivation levels (Nummela et al., 
1996; Ogata et al., 1998; Williams et al., 1991). 
In the present study, a significant positive linear relationship was found between 
Kvert and fstride (Fig. 4-3D).  This result indicates that a higher Kvert leads to a higher 
fstride which results in a faster Vforward.  Increases in leg spring stiffness with increasing 
stride frequency were reported for treadmill running done at a constant speed with 
various stride frequencies (Farley and Gonzalez, 1996; Derrick et al., 2000; Morin et 
al., 2007).  An increase in Kvert would enable the spring-mass system to bounce off 
the ground in a shorter time (Farley and Gonzalez, 1996).  A higher Kvert could be 
accompanied by increasing the activity of leg muscles.  In the case of hopping, an 
increase in triceps surae muscle activity in the pre- and early post-landing phase was 
reported to be crucial for higher leg stiffness (see chapter II).  Another possibility for 
producing a high Kvert would be to adjust the touchdown joint angles, because it 
changes the distance of the moment arm of the ground reaction force at each joint 
(McMahon et al., 1987; Farley et al., 1998).  McMahon et al. (1987) showed that 
running with the knees bent more than usual (called “Groucho running”) reduces Kvert.  
In addition, DeVita and Skelly (1992) found that a stiffer landing was achieved by a 
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more erect posture.  The subjects in their study flexed each joint more to soften the 
landing.  Thus, it might be possible to prevent the decreases in Kvert in the later part of 
the 400-m sprint by extending touchdown knee joint angle.  Whether runners can 
accomplish this is unclear.  Further physiological and biomechanical investigation is 
needed to identify the regulation of Kvert during the 400-m sprint. 
There was only week correlation between Kvert and Lstride (Fig. 4-3E).  This result 
was somewhat surprising, because it was reported that leg spring stiffness negatively 
influenced stride length at a given running velocity (Farley and Gonzalez, 1996; 
Derrick et al., 2000; Morin et al., 2007).  However, in these studies Kvert was analyzed 
for treadmill running by changing Lstride in a range from 20% below to 36% above the 
preferred one at a relatively slow Vforward of 2.50 to 3.83 m/s (Farley and Gonzalez, 
1996; Derrick et al., 2000; Morin et al., 2007).  In the present study the Lstride showed 
only a 10% decrease from its maximum value, and Vforward was never below 6.50 m/ s 
for any subject.  Week correlation between Kvert and Lstride might suggest that even 
under the low Kvert condition during the final portion of the 400 m run, subjects in the 
present study unconsciously tried to keep Lstride at the cost of a steep decrease in fstride.  
 
4.5 Conclusion 
To maximize Vforward during the last stage of a 400 m sprint, maintaining a faster 
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fstride through retaining a higher Kvert is of course the ideal solution.  However, when 
runners feel fatigue, they might benefit from paying more attention to the maintenance 
of fstride, rather than focusing on maintaining Lstride. 
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Limitation and Future Direction 
 
 
 
 
 
 
 
 
 
 
This dissertation dealt with spring-like leg behavior and stiffness regulation during 
saltatorial movements.  Although the experiment and analysis were performed with care, 
there are some methodological concerns.  In addition, due to the lacks of kinetic and 
kinematic measurements in each experiment, there are some concerns on the interpretation 
of the findings.  Therefore, the current findings should be interpreted cautiously.  Here, 
based on the chapter 2, 3 and 4, limitation and future direction of the present study was 
identified. The present chapter provides 1) some methodological issues affecting the 
interpretation of results and 2) desirable future work.  
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 First, in Chapter 2, 3 and 4, the vertical stiffness calculation was based on the 
assumption that the leg during hopping and running acts like a linear spring.  Thus, 
according to the Hooke’s Law the leg spring stiffness was defined as the ratio of the 
peak force and the vertical center of mass displacement.  However, the leg actually 
does not act like complete linear spring (see the non-linear curves in Fig. 3-1).  
Then, the vertical stiffness calculated in the present study represented only the first 
approximation of real characteristics of the leg.  Although some researchers 
suggested that a subject’s musuculoskeletal system can be considered as a linear 
spring when the linear correlation coefficient between ground reaction force and 
COM displacement is greater than 0.8 (Granata et al., 2002; Padua et al., 2005), 
Latash and Zatsiorsky (1993) denoted this measurement as “quasi-stiffness”.  
Having considered this issue, the validity of current result may be incomplete.  
Further investigation may be required to establish the biomechanical analysis of 
spring-like leg behavior in saltatorial movement. 
 Secondly, in Chapter 2, EMG activity of the muscles of the thigh did not measure.   
Since there are ample evidences that the vertical stiffness during hopping and 
jumping mainly depends on ankle joint stiffness, muscles other than those around the 
ankle might have contributed to the vertical stiffness modulation.  In addition, in 
the present study the subjects were asked not to bend the knee so as to make 
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experiment simpler.  However, analyzing the muscle activity of thigh muscle might 
be important to conclude that the ankle muscles have mainly contributed to vertical 
stiffness during hopping. 
  In Chapter 3, in which adaptation in vertical stiffness due to type of training was 
investigated, differences in joint stiffness between the endurance-trained and 
power-trained athletes were observed.  I speculated that this may be attributed to 
the difference in stiffness of the tendon and/or aponeurosis due to training.  
However, another interpretation may also be possible: that is, the differences in 
stiffness of the tendon and/or aponeurosis were inherently existed between two 
groups.  Although, some studies suggested that plyometric training improved 
spring-like leg behavior through the adaptation of musculotendinous stiffness (Cornu 
et al., 1997; Murphy et al., 2003; Spurrs et al., 2003), further physiological and 
biomechanical investigation is needed to identify the determinants of difference in 
vertical stiffness between two groups. 
In Chapter 4, joint kinematics and kinetics during running did not measure.  As 
mentioned in Chapter 1, when questions are arisen at the joint level, the lower 
extremity should be modeled with torsional spring model and the joint stiffness be 
obtained.  Although it is difficult to analyze the joint dynamics throughout a 400-m 
sprint in the field, the use of high-speed camera and electromyography for analyzing 
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the lower extremity may help to assess more accurate activities and behaviors of the 
muscle and tendon during running. 
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Summary and Conclusion 
 
 
 
 
 
 
 
 
Although analysis of spring-like leg behavior would provide us with important 
information that could be utilized in the fields of sport, some questions remained unresolved.  
The purpose of this dissertation was to answer the following questions: 
(1) How does central nervous system control leg stiffness during hopping? 
(2) How does training history alter the stiffness regulation? 
(3) How does human regulate the leg spring stiffness during field running? 
In this chapter, based on the findings from Chapter 2, 3 and 4, summary and conclusion is 
given. 
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  In Chapter 2, to examine how does central nervous system control leg stiffness 
(Kleg), the neural activity of triceps surae and tibialis anterior muscles were recorded 
using a surface EMG.  Of particular interest was a functional role of antagonistic 
muscle activity for stiffness regulation.  For this purpose, Kleg during hopping was 
controlled in two ways (PCT and SCT), and changes in muscle activity with 
increasing in Kleg were investigated.  Previous studies suggested the importance of 
co-contraction of the antagonist muscles, but it has not yet been examined.  
Therefore, I hypothesized that Kleg modulation during hopping would be adjusted by 
changing antagonistic co-contraction levels.  The results of the present study were 
contrary to this hypothesis.  The results demonstrated that the activity of TA was 
low throughout the contact phase as compared with those of MG and SOL, and its 
peak value around 50 ms after landing was significantly lower for the SCT condition 
than for the PCT condition (Fig. 2-3).   These findings indicate that central nervous 
outflow inhibits TA activity to increase the force response of the SOL muscles to 
stretch by reciprocal inhibition.  Thus, central nervous system have a unique tuning 
system for Kleg in response to the demands of activity. 
 
In Chapter 3, the adaptations in Kleg due to the type of training were investigated.  
Lower extremity was modeled with both spring-mass model and torsional spring 
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model, and stiffness regulation was compared between distance runners (DR) and 
power-trained athletes (PT) during hopping at 1.5 and 3.0 Hz.  The PT group had a 
stiffer leg spring than the DR group at both hopping frequencies (Fig. 3-2).  The 
differences in Kleg between the two groups were associated with the difference in 
joint stiffness (Fig. 3-3), and not accompanied by pre-activity or stretch reflex 
responses of the triceps surae and/or co-contraction levels.  Therefore, the 
differences in joint stiffness between DR and PT group were thought to be attributed 
to an intrinsic stiffness of the tendon and/or aponeurosis.  Although there are some 
limitations for interpretation of the results as discussed in Chapter 5, the present 
results suggests that the stiffness of leg spring has been affected by the type of 
training. 
 
In Chapter 4, to investigate how human regulates the leg spring stiffness in field 
running, the Kvert and Kleg during 400-m sprint was estimated continuously from the 
start to goal.  This is because despite a considerable amount of research on stiffness 
regulation during running, there were few studies reporting stiffness regulation in 
field condition.  In addition, there is a number of studies have been conducted to 
examine the biomechanical characteristics of the body during 400-m sprint, no study 
has described the spring-like leg behavior.  I calculated the Kvert and Kleg based on a 
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spring-mass model using recent-developed method (Morin et al., 2005).  Further, 
the relationships between the Kvert or Kleg and running performances of forward 
running velocity (Vforward), stride frequency (fstride), and stride length (Lstride) were 
investigated.  I found that both the Kvert and Vforward peaked at 50-100 m interval, 
and it consistently decreased from the middle to the later part of the entire running 
distance.  As compared with peak values, the Kvert and the Vforward in the last 50 m 
became about 55% and 75%, respectively (Fig. 4-2A and C).  The Kvert was 
significantly correlated with the Vforward over an entire 400-m sprint (Fig. 4-3C).  
On the other hands, Kleg was independent from any running performances (Fig. 4-2B 
and Fig. 4-3F, G and H).  These data suggests that not only in treadmill running but 
also field running maintaining the Kvert is an essential factor to keep Vforward.  While 
the Kvert was significantly correlated with the fstride (Fig. 4-3D), it had no correlation 
with the Lstride (Fig. 4-3E).  This result indicates that a higher Kvert leads the faster 
fstride which results in the faster Vforward during 400-m sprint. 
 
CONCLUSIONS 
This dissertation dealt with regulation of the leg spring stiffness from laboratory 
levels to field conditions.  It can be concluded that (1) plyometric training including 
jumping and/or sprinting would make human’s Kvert more stiff and (2) Kvert could 
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determine athletic performance not only in treadmill running (laboratory levels) but 
also in field running (field conditions).  The findings of the thesis would lead us to 
more valid and accurate understanding of human movements. 
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APPENDIX A 
ESTIMATION OF LEG STIFFNESS DURING HOPPING 
 
 The leg stiffness during hopping can be indirectly calculated by an estimation 
equation (Dalleau et al. 2004).  In the equation, stiffness was calculated by modeling 
the ground reaction force as a sine wave as it is expected from oscillation of pure 
spring-mass model.   
The force-time signal is assumed to be a sine wave described by the following 
equation: 
  
                                  (A1) 
 
 
where Fmax is the peak force, tc is the contact time, and is the half period of the sine 
wave. 
 
Determination of Fmax 
 The momentum change during the contact time is 
 
 
 
 
where v is the vertical velocity, M the body mass, g gravitational acceleration, tc the 
contact time and tf the flight mean time.  The tf is calculated by the mean of flight time 
before and after one contact time. 
 
Substituting the (1) in this equation gives 
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The peak force is then obtained: 
 
                                                                   (A2) 
 
 
Calculation of the velocity: 
 By integrating the vertical acceleration of the body, the velocity is: 
 
 
 
 
where v(0) is the downward vertical velocity at the moment of contact. 
 
 
 
 
 
 
 
 
 
 
 
Knowing that the vertical velocity is zero at the middle of the contact: 
  
 
 
 
 
 
 
Thus, the final expression of the velocity is: 
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Calculation of vertical displacement: 
 By integrating the above expression of the velocity: 
 
 
 
 
where z (0) is the vertical position of center of mass at touchdown. 
 
Assuming that z (0) = 0 and substituting (3) in the above equation: 
 
 
 
 
 
 
 
 
The equation for the displacement is then: 
 
                                                                   (A4) 
 
 
In order to calculate the leg stiffness, the total displacement at the middle of the contact 
is calculated: 
 
 
 
                                                                   (A5) 
 
 
Calculation of stiffness: 
 The stiffness is the ratio of the peak force to the total displacement: 
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Using the expression (2) of Fmax and (5) of z (tc /2), the final equation is: 
 
 
                                                                   (A6) 
 
 
As a result, the stiffness can be calculated by measuring the contact time (tc) and the 
flight time (tf). 
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APPENDIX B 
ESTIMATION OF VERTICAL STIFFNESS DURING RUNNING 
 
 The vertical component of leg stiffness (Kvert) during running can also be indirectly 
calculated by an estimation equation (Morin et al. 2005).  This method is based on a 
model used by Dalleau et al. (2004) for hopping, which considers the force as a function 
of time during contact to be a simple sine function. 
  The modeled Kvert was calculated as: 
 
 
                                   (B1) 
 
with Fmax the modeled maximal force and Δyc the modeled vertical peak displacement 
of the center of mass during contact. 
 
Fmax computations 
 The pattern of vertical ground reaction force over time was modeled using the 
following equation: 
 
                                                                   (B2) 
 
with Fmax the peak force value and tc the contact time. 
 
From this equation, the momentum change during contact is: 
 
 
                                                                   (B3) 
 
with m the body mass, u the vertical velocity, g the gravitational acceleration, and tf the 
mean flight time (mean of flight times before and after contact). 
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                                                                   (B5) 
 
 
                                                                   (B6) 
 
 
The modeled peak force during contact is then obtained as: 
 
                                                                   (B7) 
 
 
Δyc computations 
Based on Eq.(B2) and according to the fundamental law of dynamics, vertical velocity 
is obtained by integrating the vertical acceleration of the center of mass during contact:  
 
 
                                                                   (B8) 
 
 
u(t0)being the downward vertical velocity at the beginning of contact. 
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                                                                  (B10) 
 
 
Knowing that the vertical velocity is nil at the time of half-contact: 
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The final expression of vertical velocity during contact being: 
 
 
                                                                  (B13) 
 
 
Integrating this vertical velocity over time, vertical displacement can be obtained: 
 
 
                                                                  (B14) 
 
with y(t0) the vertical position of the center of mass at the beginning of contact. 
 
Assuming y(t0) =0 and substituting Eq.(B13) in Eq.(B14): 
 
                                                                  (B15) 
 
 
                                                                  (B16) 
 
 
                                                                  (B17) 
 
 
The total center of mass displacement at the time of half contact, i.e., for t = tc /2 is then: 
 
 
                                                                  (B18) 
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APPENDIX C 
CALCULATION OF JOINT MOMENT BY INVERSE DYNAMICS 
 
 Net joint moments were calculated from the coordinate data following procedure 
presented by Winter (1990).  In order to calculate the joint moments, I firstly 
constructed a free body diagram where the force (Fx, y) acting each joint, vertical and 
horizontal acceleration (ax, y) and angular acceleration of each segment (α) and joint 
moments (M) were represented.  Here, the Fx,y of foot segment was determined from 
force platform data, and the a was calculated from X-Y coordinate system captured by 
high speed video camera.  Moment of Inertia about the center of mass of each segment 
was determined from anthropomorphic data (Dempster, 1955).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(x0, y0)
(x1, y1)
(x2, y2)
(x3, y3)
(xG1, yG1)
(xG2, yG2)
(xG3, yG3)
Segment-Link Model Free-Body Diagram 
Figure C-1. Relationship between the free-body diagram and the 
segment-link model. Each segment is separated at the joints. The reaction 
forces and moments of force acting at each joint, and angular acceleration 
about the center of mass of the segments are represented. 
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The joint moment of ankle joint is obtained as follows:  
 
Fx – Fx1 = m1ax1                                                                                (C1) 
Fy – Fy1 – W1 = m1ay1                                                 (C2) 
 
x0 – xG1   y0 – yG1        x1 – xG1   y1 – yG1  
Fx     Fy          -Fx1    -Fy1 
 
here, by substituting the Mo into zero, the equation (3) can be transformed as follows : 
 
(x0 – xG1) Fy – (y0 – yG1) Fx – (x1 – xG1) Fy1 + (y1 – yG1) Fx1 – M1 = I1 α1         (C3’) 
 
therefore, Fx1, Fy1, and M1 are calculated using following formula:  
 
Fx1 = Fx – m1ax1  
Fy1 = Fy – m1ay1 – W1  
M1 = (x0 – xG1) Fy – (y0 – yG1) Fx – (x1 – xG1) Fy1 + (y1 – yG1) Fx1 – I1 α1         (C4) 
 
likewise, calculation of knee joint moment was as follows:  
 
Fx1 – Fx2 = m2ax2                                                                               (C5) 
Fy1 – Fy2 – W2 = m2ay2                                                 (C6) 
 
x1 – xG2   y1 – yG2        x2 – xG2   y2 – yG2  
Fx1     Fy1        -Fx2    -Fy2 
 
the equation (7) can be transformed as follows : 
 (x1 – xG2) Fy1 – (y1 – yG2) Fx1 – (x2 – xG2) Fy2 + (y2 – yG2) Fx2 + M1 – M2 = I2 α2  (C7’) 
 
therefore, Fx2, Fy2, and M2 are calculated using following formula:  
Fx2 = Fx1 – m2ax2  
Fy2 = Fy1 – m2ay2 – W2  
M2 = M1+ (x1 – xG2) Fy1 – (y1 – yG2) Fx1 – (x2 – xG2) Fy2 + (y2 – yG2) Fx2 – I2 α2    (C8) 
 
 
 
+ + M0 – M1 = I1 α1               (C3) 
+ + M1 – M2 = I2 α2                (C7) 
 83 
similarly, the joint moment about hip were as follows: 
 
Fx2 – Fx3 = m3ax3                                                                               (C9) 
Fy2 – Fy3 – W3 = m3ay3                                                (C10) 
 
x2 – xG3   y2 – yG3        x3 – xG3   y3 – yG3  
Fx2     Fy2        -Fx3    -Fy3 
 
the equation (11) can be transformed as follows : 
 (x2 – xG3) Fy2 – (y2 – yG3) Fx2 – (x3 – xG3) Fy3 + (y3 – yG3) Fx3 + M2 – M3 = I3 α3 (C11’) 
 
thus, Fx3, Fy3, and M3 are calculated using following formula:  
Fx3 = Fx2 – m3ax3  
Fy3 = Fy2 – m3ay3 – W3  
M3 = M2 + (x2 – xG3) Fy2 – (y2 – yG3) Fx2 – (x3 – xG3) Fy3 + (y3 – yG3) Fx3 – I3 α3   (C12) 
 
where: 
 
 M1, M2, M3 = joint moments of ankle, knee and hip 
 m1, m2, m3 = masses of foot, shank and thigh segment 
ax1, ax2, ax3 = horizontal accelerations of foot, shank and thigh segment 
ay1, ay2, ay3 = vertical accelerations of foot, shank and thigh segment 
I1, I2, I3 = moments of inertia about the center of mass of each segment 
α1, α2, α3 = angular accelerations of foot, shank and thigh segment. 
+ + M2 – M3 = I3 α3               (C11) 
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